INTRODUCTION
============

Neurite/axon outgrowth is essential for both the initial wiring of neuronal networks during development and the regeneration of synaptic connections in the injured adult nervous system. cAMP, which exhibits profound effects on growth cone motility and guidance (Zheng *et al.*, [@B64]; Piper *et al.*, [@B52]), transmits signals primarily through protein kinase A (PKA) and exchanges protein directly activated by cAMP (exchange protein directly activated by cAMP \[Epac\]/cAMP-guanine nucleotide exchange factor \[GEF\]) (Fimia and Sassone-Corsi, [@B21]; Bos, [@B6]). Previous studies have linked elevated cAMP signaling with enhanced neurite elongation (Richter-Landsberg and Jastorff, [@B54]; Rydel and Greene, [@B55]). An increase in cAMP levels converted the inhibition of neurite outgrowth and repulsive turning of growth cones by myelin-associated inhibitors toward neurite extension and attraction (Song *et al.*, [@B57]; Cai *et al.*, [@B8]). Furthermore, in vivo studies have shown that cAMP elevation promoted axonal regeneration (Neumann *et al.*, [@B50]; Qiu *et al.*, [@B53]) and an odorant receptor-derived cAMP signal determined the target destination of olfactory sensory networks (Imai *et al.*, [@B31]).

Rho-family GTPases (RhoA, Rac1, and Cdc42), which regulate actin dynamics in a range of cellular functions (Van Aelst and D\'souza-Schorey, [@B59]; Hall, [@B25]), also play central roles in neuronal morphogenesis, including axon growth and guidance (Luo, [@B42]; Heasman and Ridley, [@B27]). Recent studies have revealed signaling pathways from various neuritogenic factors and guidance cues to Rho-family GTPases (Heasman and Ridley, [@B27]; Hall and Lalli, [@B26]). However, the mechanisms that transduce cAMP signals for the regulation of Rho GTPases during axon growth and guidance are largely unknown, except for the report that PKA facilitated neurite formation by inhibiting RhoA through direct phosphorylation of Ser-188 (Dong *et al.*, [@B19]). Furthermore, there is only limited information about when and where Rho GTPases are activated in neuronal cells following cAMP elevation.

Förster resonance energy transfer (FRET)-based biosensors enable us to visualize a variety of signaling events, including G protein activation and change in phosphatidylinositol concentration in living cells (Miyawaki, 2003; Nakamura and Matsuda, 2009). Using FRET-based biosensors, we have previously shown that Rac1, Cdc42, and phosphatidylinositol 3-kinase (PI3-kinase) are locally and repetitively activated at protruding sites following their transient activation in broad areas of the cell periphery during nerve growth factor (NGF)-induced neurite outgrowth in PC12 cells (Aoki *et al.*, [@B4], [@B5]). On the basis of these findings, we have demonstrated that NGF promotes the cycling of a positive feedback loop composed of PI3-kinase, Vav2/Vav3, Rac1/Cdc42, and the actin cytoskeleton at neurite tips (Aoki *et al.*, [@B5]).

In this study, we first examined spatiotemporal changes in Rac1/Cdc42 activity and phosphatidylinositol 3,4,5-triphosphate (PIP~3~) concentration in dibutyryl cAMP (dbcAMP)-treated PC12D cells using FRET-based biosensors. Rac1 activity was gradually increased throughout the cells during the initial 10 min after dbcAMP addition and kept its maximal level during the succeeding 20 min. This Rac1 activation did not accompany any change of PIP~3~ concentration. After several hours of incubation with dbcAMP, Rac1 and Cdc42 were locally activated at the protruding tips of neurites. We have shown that dbcAMP-induced Rac1 activation was principally mediated by PKA and Sif- and Tiam1-like exchange factor (STEF)/Tiam2. STEF depletion severely reduced dbcAMP-induced neurite outgrowth. PKA could phosphorylate STEF at three residues (Thr-749, Ser-782, S-1562), and Thr-749 phosphorylation was important for dbcAMP-induced Rac1 activation and neurite extension. Considering the critical role of Rac1 in neuronal morphogenesis, the PKA---STEF--Rac1 pathway shown here may play a crucial role in cytoskeletal regulation during neurite/axon outgrowth and guidance, which depend on cAMP signals.

RESULTS
=======

Early response of Rac1 and Cdc42 activity and PIP~3~ concentration to dbcAMP treatment is different from the early response to NGF stimulation in PC12D cells
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Using FRET-based biosensors, we examined spatiotemporal changes in Rac1 and Cdc42 activity and PIP~3~ concentration for 30 min following dbcAMP treatment in PC12D cells ([Figure 1A](#F1){ref-type="fig"}). Rac1 activity was gradually increased throughout the cells during the initial 10 min after dbcAMP addition, and it maintained its maximal level during the succeeding 20 min ([Figure 1B](#F1){ref-type="fig"}, left) and longer. The activity of Cdc42 linearly decreased during the initial 10 min and maintained its lowest level during the succeeding 20 min ([Figure 1B](#F1){ref-type="fig"}, middle). Throughout the 30 min after dbcAMP addition, we did not find any significant changes in PIP~3~ level ([Figure 1B](#F1){ref-type="fig"}, right); this result is consistent with our result that Rac1 activation following dbcAMP treatment was not inhibited by LY294002 treatment (Supplemental Figure 1A). These results showed a clear contrast with the local and repetitive Rac1 and Cdc42 activation and PIP~3~ accumulation at the protruding sites following an initial transient increase in NGF-treated cells ([Figure 1B](#F1){ref-type="fig"}, blue lines; Aoki *et al*., [@B4], [@B5]).

![Spatiotemporal changes in Rac1 and Cdc42 activity and PIP~3~ concentration following dbcAMP treatment. (A and B) PC12D cells expressing Raichu-Rac1, Raichu-Cdc42, or Pippi-PIP~3~ were starved for 2 h and then treated with 1 mM dbcAMP. Images were obtained every 2 min for 30 min after dbcAMP addition. (A) Representative ratio images of FRET/CFP at the indicated time points (in min) after dbcAMP addition are shown in the intensity-modulated display mode. In the intensity-modulated display mode, eight colors from red to blue are used to represent the FRET/CFP ratio, with the intensity of each color indicating the mean intensity of FRET and CFP. The upper and lower limits of the ratio images are shown on the right. Bars, 10 μm. (B) The mean FRET/CFP ratios averaged over the whole cell are expressed by measuring the relative increase compared with the reference value, which was averaged over10 min before dbcAMP addition. The number of experiments was as follows: Rac1 (n = 20), Cdc42 (n = 9), PIP~3~ (n = 21). Error bars show the SE. (C) The long-term response of Rac1 and Cdc42 activity and PIP~3~ concentration following dbcAMP treatment was examined as described for (A). Images were obtained every 5 min for 5 h after dbcAMP addition. Representative ratio images of FRET/CFP at the indicated time points (in min) after dbcAMP addition are shown as described for (A). Bars, 10 μm. (D) Images were obtained every 5 min for 1 h after a 1-d treatment with dbcAMP. A gradient of normalized FRET/CFP ratio measured by line scanning in neurite tips (left) was obtained by linear fitting (middle) and plotted for Rac1 and Cdc42 activity and PIP~3~ concentration (right). The number of experiments was as follows: Rac1 (n = 12), Cdc42 (n = 11), PIP~3~ (n = 10). Red bars represent averages. The symbols indicate the results of a Student\'s *t* test analysis (\*\*\*p \< 0.001).](1780fig1){#F1}

Rac1 and Cdc42 are locally activated at the tips of dbcAMP-induced neurites
---------------------------------------------------------------------------

Our previous observation that local and repetitive Rac1 and Cdc42 activation and PIP~3~ accumulation were also observed at the protruding tips of neurites 5 h or 1 d after NGF stimulation (Aoki *et al*., [@B4] and unpublished results) prompted us to examine the spatiotemporal changes in Rac1 and Cdc42 activity and PIP~3~ concentration for 5 h after dbcAMP addition. [Figure 1C](#F1){ref-type="fig"} shows that Rac1 and Cdc42 were locally activated at the neurite tips without any PIP~3~ accumulation in dbcAMP-treated PC12D cells. We quantified this activity localization in neurite tips by using line-scanned data and linear fitting. The activity of Rac1 and Cdc42, but not PIP~3~ concentration, showed a significant positive gradient in neurite tips ([Figure 1D](#F1){ref-type="fig"}). This result is consistent with our result that LY294002 treatment did not inhibit dbcAMP-induced neurite outgrowth (Supplemental Figure 1B).

Although local activation of both Rac1 and Cdc42 was observed in common at the tips of NGF- and dbcAMP-induced neurites, there was a clear difference in the mode of activation: Compared with the frequently alternating activation and inactivation at NGF-induced neurite tips (Aoki *et al.*, [@B4]), the tips of dbcAMP-induced neurites showed a sustained Rac1 and Cdc42 activation (Supplemental Videos 1 and 2).

Next we compared the mode of morphological change between NGF-induced and dbcAMP-induced neurites. NGF-induced neurites repeated a rapid cycle of extension and retraction as expected from the mode of Rac1 and Cdc42 activation ([Figure 2A](#F2){ref-type="fig"}, left; Supplemental Video 3), whereas dbcAMP-induced neurites extended continuously ([Figure 2A](#F2){ref-type="fig"}, right; Supplemental Video 4), consistent with the sustained Rac1 and Cdc42 activation at the tips of dbcAMP-induced protrusions. To quantify the amplitude of extension/retraction of neurite lengths, the deviation from the five-point average was calculated for each time-point. Thereafter the sum of the absolute value of the deviation was obtained for each sample. The mean accumulated deviation from the five-point average in dbcAMP-treated cells was half of that in NGF-stimulated cells ([Figure 2B](#F2){ref-type="fig"}).

![Different modes of neurite outgrowth in NGF- and dbcAMP-treated PC12D cells. PC12D cells were treated with NGF or dbcAMP and imaged every 5 min for 5 h. The length of the longest neurites was measured for each image. The number of experiments was as follows: NGF (n = 12), dbcAMP (n = 12). (A) Two representative time-dependent changes in neurite length are shown for NGF-treated cells (left) and dbcAMP-treated cells (right). (B) The bar graph shows the average of accumulated deviation from the five-point average, with SE. The symbol indicates the result of a Student\'s *t* test (\*\*\*p \< 0.001).](1780fig2){#F2}

dbcAMP-induced Rac1 activation is principally mediated by PKA
-------------------------------------------------------------

To clarify the mechanism of dbcAMP-induced Rac1 activation, we first examined the effects of the PKA-specific cAMP analogue 6-Bnz-cAMP (Christensen *et al*., [@B13]) and the Epac-specific cAMP analogue 007 (Enserink *et al*., [@B20]) on Rac1 activation. We confirmed the specificity of 6-Bnz-cAMP and 007 using FRET-based biosensors (Supplemental Figure 2). The time-course of Rac1 activation within 30 min after 6-Bnz-cAMP treatment was similar to that in dbcAMP-treated cells ([Figure 3A](#F3){ref-type="fig"}, left). The average of the highest values of Rac1 activation following 6-Bnz-cAMP treatment was 86% of that in dbcAMP-treated cells ([Figure 3A](#F3){ref-type="fig"}, right). In contrast, the average of the highest values of Rac1 activation following 007 treatment was only 13% of that in dbcAMP-treated cells ([Figure 3A](#F3){ref-type="fig"}, right).

![Comparison between PKA and Epac in the contribution to dbcAMP-induced Rac1 activation. (A) PC12D cells expressing Raichu-Rac1 were starved for 2 h and then mock-treated or treated with 1 mM dbcAMP, 100 μM 6-Bnz-cAMP, or 100 μM 007. Images were obtained every 2 min for 30 min after drug treatment. The number of experiments was as follows: dbcAMP (n = 20), 6-Bnz-cAMP (n = 12), 007 (n = 14), mock-treated (n = 10). Left, the mean FRET/CFP ratios averaged over the whole cell are expressed as in the legend to [Figure 1B](#F1){ref-type="fig"}. Error bars show the SE. Right, the bar graph represents the average of the highest values of Rac1 activation in the indicated samples with SE. The symbols indicate the results of a Student\'s *t*-test analysis (\*\*\*p \< 0.001). (B) PC12D cells were transfected with an empty pSUPER vector, both pSUPER-PRKACA and pSUPER-PRKACB, or both Epac1 and Epac2. After selection with puromycin, the cells were further transfected with pRaichu-Rac1. After starvation for 2 h, images were obtained every 2 min for 30 min after dbcAMP addition. The number of experiments was as follows: control (n = 18), PRKACA and PRKACB KD (n = 13), Epac1/Epac2 KD (n = 16). Left, the mean FRET/CFP ratios averaged over the whole cell are expressed as in the legend to [Figure 1B](#F1){ref-type="fig"}. Error bars show the SE. Right, the bar graph represents the average of the highest values of Rac1 activation in the indicated samples, with SE. The symbol indicates the result of a Student\'s *t* test (\*p \< 0.05).](1780fig3){#F3}

The primary role of PKA in dbcAMP-induced Rac1 activation was further confirmed by targeted depletion of PKA and Epac by RNA interference. We used an shRNA expression vector containing the pac gene to allow selection of shRNA-expressing cells with puromycin. Two isoforms of the catalytic subunits of PKA (α and β), PRKACA and PRKACB, respectively, are expressed in neuronal cells. In PRKACA shRNA--expressing cells, 80% of endogenous PRKACA was depleted (Supplemental Figure 3A). In PRKACB shRNA--expressing cells, quantitative real-time RT-PCR analysis showed a 90% reduction in the level of endogenous PRKACB mRNA (Supplemental Figure 3A). The silencing effect of PRKACB shRNA was confirmed by the efficient depletion of exogenous PRKACB protein (Supplemental Figure 3A). Epac has two isoforms, Epac1 and Epac2. In Epac1 shRNA--expressing cells, real-time RT-PCR analysis showed a 60% reduction in the level of the endogenous transcript (Supplemental Figure 3B). In Epac2 shRNA--expressing cells, 90% of endogenous Epac2 protein was depleted (Supplemental Figure 3B).

Depletion of the catalytic subunits of PKA markedly reduced dbcAMP-induced Rac1 activation in PC12D cells ([Figure 3B](#F3){ref-type="fig"}). The average of the highest values of Rac1 activation in the PRKACA- and PRKACB-depleted cells was 33% of that in control cells. In contrast, the average of the highest values of Rac1 activation was comparable between control and Epac-depleted cells. Taken together, dbcAMP-induced Rac1 activation is principally mediated by PKA in PC12D cells.

Depletion of STEF abolishes dbcAMP-induced activation of Rac1
-------------------------------------------------------------

Next we tried to identify the GEFs responsible for dbcAMP-dependent Rac1 activation. Rac1, but not Cdc42, was activated shortly after dbcAMP addition ([Figure 1, A and B](#F1){ref-type="fig"}). Candidates for Rac1-specific GEFs that are expressed in neuronal tissues are Tiam1, STEF, Dock180, Dock3, Dock4, and kalirin. We did not suspect the Dock family members because their activation is thought to be mainly dependent on a RhoG/Elmo/Dock interaction (Cote and Vuori, [@B15]) and the expression level of RhoG in naïve PC12 cells is low and increases only during differentiation (Katoh *et al*., [@B36]). We tentatively excluded kalirin because its level is low during initial neural development and increases gradually (McPherson *et al*., [@B45]), although a role for the kalirin-RhoG pathway in NGF-induced neurite outgrowth has been reported in PC12 cells (Chakrabarti *et al*., [@B11]). Tiam1 and STEF shRNAs efficiently reduced the amount of endogenous Tiam1 and STEF proteins, respectively (Supplemental Figure 4).

Depletion of STEF almost completely abolished dbcAMP-induced Rac1 activation ([Figure 4](#F4){ref-type="fig"}). Knockdown of Tiam1, a close homolog of STEF, reduced dbcAMP-induced Rac1 activation by half. Depletion of Vav2/Vav3, which has been shown to primarily mediate Rac1 and Cdc42 activation in NGF-treated PC12 cells (Aoki *et al*., [@B5]), did not affect Rac1 activation in dbcAMP-treated PC12D cells. We further examined the role of STEF in cAMP-induced Rac1 activation using a physiological ligand. Pituitary adenylate cyclase-activating polypeptide (PACAP) binds to its G-protein--coupled receptors, which in turn activate adenylate cyclase and promote cAMP generation (Somogyvari-Vigh and Reglodi, [@B56]). PACAP has been shown to promote neurite outgrowth in PC12 cells and sympathetic neurons (Deutsch and Sun, [@B16]; DiCicco-Bloom *et al*., [@B17]). In PC12D cells, PACAP activated Rac1 in a similar manner to dbcAMP (Supplemental Figure 5A). This Rac1 activation in response to PACAP treatment was completely abolished in STEF-depleted cells.

![Effect of depletion of STEF, Tiam1, or Vav2/Vav3 on dbcAMP-induced Rac1 activation. PC12D cells were transfected with an empty pSUPER vector, pSUPER-STEF, pSUPER-Tiam1, or both pSUPER-Vav2 and pSUPER-Vav3. After selection with puromycin, the cells were further transfected with pRaichu-Rac1. After starvation for 2 h, images were obtained every 2 min for 30 min after dbcAMP addition. The number of experiments is as follows: control (n = 18), STEF KD (n = 12), Tiam1 KD (n = 12), Vav2/Vav3 KD (n = 20). (A) The mean FRET/CFP ratios averaged over the whole cell are expressed as in the legend to [Figure 1B](#F1){ref-type="fig"}. Error bars show SE. (B) A bar graph represents the average of the highest values of Rac1 activation in the indicated samples with SE. The symbols indicate the results of a Student\'s *t* test (\*p \< 0.05; \*\*\*p \< 0.001).](1780fig4){#F4}

Depletion of STEF, but not Tiam1, attenuates dbcAMP-induced neurite outgrowth
-----------------------------------------------------------------------------

Next we investigated dbcAMP-induced formation of mature neurites in knockdown cells. PC12D cells transfected with an empty pSUPER vector developed neurites within 48 h after dbcAMP addition ([Figure 5A](#F5){ref-type="fig"}, top left). In contrast, depletion of STEF strongly inhibited neurite outgrowth ([Figure 5A](#F5){ref-type="fig"}, top right). The proportions of neurite-bearing cells were calculated in control and knockdown cells ([Figure 5B](#F5){ref-type="fig"}). In control cells, the proportion of neurite-bearing cells was 51% in the presence of dbcAMP. Only 22% of STEF knockdown cells bore neurites even in the presence of dbcAMP, however; this finding is consistent with the complete inhibition of dbcAMP-induced Rac1 activation in STEF-depleted cells ([Figure 4](#F4){ref-type="fig"}). In Tiam1-depleted or Vav2/Vav3-depleted cells, no decrease in the proportion of neurite-bearing cells was observed in comparison with the control. The significant decrease in neurite outgrowth by STEF depletion was also observed in PACAP-treated PC12D cells (Supplemental Figure 5B). Together with the results shown in [Figure 4](#F4){ref-type="fig"}, we concluded that STEF is the GEF most likely responsible for dbcAMP-induced Rac1 activation and that it plays a critical role in neurite outgrowth following dbcAMP treatment in PC12D cells.

![Effect of depletion of STEF, Tiam1, or Vav2/Vav3 on dbcAMP-induced neurite outgrowth. PC12D cells were transfected with an empty pSUPER vector, pSUPER-STEF, pSUPER-Tiam1, or both pSUPER-Vav2 and pSUPER-Vav3. After recovery, the cells were incubated with puromycin for 2 d. Then the selected cells were cultured with dbcAMP for 2 d and fixed for microscopy. At least 50 cells were assessed in each experiment, and the experiments were repeated three times. (A) Representative phase-contrast images of the control cells (top left), STEF-depleted cells (top right), Tiam1-depleted cells (bottom left), and Vav2/Vav3-depleted cells (bottom right). Bars, 10 μm. (B) Cells with neurites the lengths of which were at least twofold longer than their cell body lengths were scored as neurite-bearing cells. The results are expressed as the mean percentage of neurite-bearing cells with SE. The symbol indicates the result of a Student\'s *t* test; \*\**p* \< 0.01 compared with the control.](1780fig5){#F5}

PKA phosphorylates STEF
-----------------------

On the basis of the critical role of PKA and STEF in dbcAMP-induced Rac1 activation, we examined whether PKA directly phosphorylates STEF. [Figure 6A](#F6){ref-type="fig"} shows that ΔN-STEF (Matsuo *et al*., [@B43]) was efficiently phosphorylated by PKA in vitro; the amount of ΔN-STEF phosphorylation by PKA was comparable to that of PKA-phosphorylated βPix, the phosphorylation of which was reported previously (Chahdi *et al*., [@B10]). Analysis of the primary sequence of STEF revealed Thr-749, Ser-782, and Ser-1562 as potential PKA phosphorylation sites ([Figure 6B](#F6){ref-type="fig"}). Substitution of Thr-749, Ser-782, or Ser-1562 to Ala reproducibly reduced phosphorylation as compared with ΔN-STEF. The level of phosphorylation of triple mutant 3A (Thr-749A/Ser-782A/Ser-1562A) was only 16% of that of the original ΔN-STEF ([Figure 6C](#F6){ref-type="fig"}). Thus Thr-749, Ser-782, and Ser-1562 are major phosphorylation sites by PKA in vitro. Furthermore, we tested whether STEF is phosphorylated by PKA in dbcAMP-treated cells. The dbcAMP-induced STEF phosphorylation proceeded gradually, and the level of STEF phosphorylation by PKA 30 min after dbcAMP addition was increased threefold compared with that in untreated cells ([Figure 6D](#F6){ref-type="fig"}).

![In vitro phosphorylation of STEF by PKA and in vivo phosphorylation of STEF following dbcAMP treatment. (A) COS-7 cells transfected with an empty pCAGGS vector, βPix-Myc--expressing plasmid, or ΔN-STEF-HA--expressing plasmid, incubated for 2 d, and lysed for immunoprecipitation with anti-HA (control and ΔN-STEF-HA) or anti-myc (βPix-Myc) antibody. The precipitated proteins were subjected to in vitro phosphorylation by PKA catalytic subunits with \[γ-^32^P\]ATP in the kinase buffer. The phosphorylated products were resolved by SDS--PAGE and subjected to autoradiography. Arrowheads represent the positions of ΔN-STEF and βPix, respectively. (B) Diagrams of full-length (FL) and ΔN mutant of STEF. PHn, N-terminal pleckstrin homology; DH, Dbl homology; PHc, C-terminal pleckstrin homology. (C) cDNA encoding ΔN-STEF-HA or its mutants was transfected into COS-7 cells. In vitro kinase assays were performed as in (A). Experiments were repeated three times. Left, representative result. Top, an autoradiogram of phosphorylated ΔN-STEF-HA or its mutants. Bottom, an immunoblot with anti-HA antibody on anti-HA immunoprecipitates. Right, the averages of the relative levels of STEF phosphorylation in the indicated samples, with SE. (D) PC12D cells expressing full-length STEF were treated with dbcAMP for the indicated times and lysed for immunoprecipitation. Top, anti-HA immunoprecipitates were probed with anti-phospho PKA substrate or anti-HA antibody. Bottom, the averages of the relative levels of STEF phosphorylated by PKA, with SE (n = 3). The level of STEF phosphorylation in untreated cells was set to 1. The symbol indicates the result of a Student\'s *t* test (\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001).](1780fig6){#F6}

dbcAMP-induced Rac1 activation and neurite outgrowth are dependent on Thr-749 phosphorylation
---------------------------------------------------------------------------------------------

Next we investigated which PKA phosphorylation site on STEF is important for dbcAMP-induced Rac1 activation. PC12D cells were transfected with a plasmid encoding wild-type STEF, Thr-749A, Ser-782A, Ser-1562A, or 3A STEF mutant, which is resistant to STEF shRNA in combination with pSUPER-STEF. After selection with puromycin, the cells were further transfected with pRaichu-Rac1 and subjected to FRET imaging ([Figure 7A](#F7){ref-type="fig"}). Expression of shRNA-resistant wild-type STEF restored Rac1 activation. A large decrease in dbcAMP-induced Rac1 activation was observed in Thr-749A- and 3A-expressing cells. We observed no significant decrease in Rac1 activation in Ser-782A-- or Ser-1562A--expressing cells.

![Identification of a critical PKA phosphorylation site on STEF for dbcAMP-induced Rac1 activation and neurite outgrowth. (A) PC12D cells were transfected with pCAGGS-3HA-resi-STEF-WT or its mutants in combination with pSUPER-STEF. After selection with puromycin, the cells were further transfected with pRaichu-Rac1. After starvation for 2 h, images were obtained every 2 min for 30 min after dbcAMP treatment. Left, time-course of the mean FRET/CFP ratios averaged over the whole cell. The number of experiments was as follows: control (n = 18), pCAGGS (n = 28), WT (n = 33), Thr-749A (n = 36), Ser-782A (n = 19), Ser-1562A (n = 18), 3A (n = 17). Error bars show the SE. Right, the bar graph represents the average of the highest values of Rac1 activation in the indicated samples, with SE. The symbols indicate the results of a Student\'s *t* test (\*\*\*p \< 0.001). (B) COS-7 cells were transfected with pCAGGS-3HA-resi-STEF-WT or its mutants in combination with pRaichu-Rac1. After starvation for 2 h, images were obtained every 2 min for 30 min after dbcAMP treatment. The bar graph represents the average of the highest values of the normalized FRET/CFP ratios during the 30 min in the indicated samples, with SE. The number of experiments was as follows: pCAGGS (n = 30), WT (n = 49), Thr-749A (n = 15), Ser-782A (n = 9), Ser-1562A (n = 16), 3A (n = 13). The symbols indicate the results of a Student\'s *t* test (\*p \< 0.05, \*\*\*p \< 0.001). (C) PC12D cells were transfected with pCAGGS-3HA-resi-STEF-WT or its mutants in combination with pSUPER-STEF. After recovery, the cells were incubated with puromycin for 2 d, and then fixed for microscopy. Cells with neurites the lengths of which were at least twofold longer than their cell body lengths were scored as neurite-bearing cells. At least 50 cells were assessed in each experiment, and the experiments were repeated three times. The results are expressed as the mean percentage of neurite-bearing cells, with SE. The symbols indicate the results of a Student\'s *t* test (\*\*p \< 0.01).](1780fig7){#F7}

The essential role of Thr-749 phosphorylation in dbcAMP-induced Rac1 activation was confirmed by the ectopic expression of STEF mutants in COS-7 cells, which express a negligible level of STEF protein. In mock-transfected COS-7 cells, we did not observe Rac1 activation following dbcAMP treatment ([Figure 7B](#F7){ref-type="fig"}). In wild-type STEF-expressing cells, a significant increase in Rac1 activity after dbcAMP addition was detected. This STEF-mediated activation of Rac1 was decreased significantly by PKA depletion (Supplemental Figure 6A). This decrease is consistent with the prominent reduction of the level of dbcAMP-induced STEF phosphorylation in PKA-depleted cells (Supplemental Figure 6B). In this condition, mutation of Thr-749A, but not Ser-782A or Ser-1562A, completely abolished the STEF-dependent Rac1 activation in dbcAMP-treated cells. This suggests that Thr-749 phosphorylation by PKA could enhance GEF activity of STEF.

These results prompted us to examine the effect of point mutations in the PKA phosphorylation sites on STEF on dbcAMP-induced neurite outgrowth. As shown in [Figure 7C](#F7){ref-type="fig"}, the expression of shRNA-resistant wild-type STEF restored neurite outgrowth following dbcAMP addition. As expected, a significant decrease in the proportion of neurite-bearing cells was observed in Thr-749A and 3A--expressing cells. The proportion of neurite-bearing cells in Ser-782A-- or Ser-1562A--expressing cells was comparable to that in wild-type STEF-expressing cells. In conclusion, Thr-749 phosphorylation by PKA is critical for dbcAMP-induced Rac1 activation and neurite outgrowth.

PKA activity at the plasma membrane becomes localized to the neurite tips during dbcAMP-induced neurite outgrowth
-----------------------------------------------------------------------------------------------------------------

One possible explanation for the local Rac1 activation in dbcAMP-induced neurite tips ([Figure 1C](#F1){ref-type="fig"}) was localized PKA activity in proximity to the plasma membrane of the same neurite tips, because STEF has been shown to distribute throughout neuronal cells, including axon tips (Nishimura *et al.*, [@B51]). We examined this possibility using the membrane-targeted PKA biosensor pm-AKAR3 (Allen and Zhang, [@B2]). PKA activity at the plasma membrane increased globally 30 min after dbcAMP addition; thereafter it gradually converged to the neurite tips ([Figure 8A](#F8){ref-type="fig"}). This localization was more clearly observed in PC12D cells 1 d after dbcAMP addition ([Figure 8B](#F8){ref-type="fig"}, top). We quantified the localization of PKA activity using line-scanned data and linear fitting. The dbcAMP-induced neurite tips, but not the NGF-induced tips, showed a significant positive gradient of PKA activity ([Figure 8B](#F8){ref-type="fig"}, bottom). These data indicate that localized PKA activation in the proximity of the plasma membrane of neurite tips could contribute to local Rac1 activation in the same neurite tips.

![Spatiotemporal changes in PKA activity following dbcAMP treatment. (A) PC12D cells expressing pmAKAR3 were starved for 2 h and then treated with 1 mM dbcAMP. Images were obtained every 5 min for 300 min after dbcAMP addition (n = 12). Representative ratio images of FRET/CFP at the indicated time points (in min) after dbcAMP addition are shown as in the legend to [Figure 1A](#F1){ref-type="fig"}. Bars, 10 μm. (B) PC12D cells expressing pmAKAR3 were incubated with 1 mM dbcAMP for 1 d, and then images were obtained every 2 min for 40 min. Top, a representative ratio image of FRET/CFP in neurite tips is shown. Bars, 10 μm. Bottom, distributions of gradients of PKA activity in dbcAMP- or NGF-induced neurite tips. Red bars represent averages.](1780fig8){#F8}

DISCUSSION
==========

Here we have shown that phosphorylation of STEF by PKA is critical for Rac1 activation and neurite outgrowth in dbcAMP-treated PC12D cells. This is supported by our findings that knockdown of the catalytic subunits of PKA markedly reduced dbcAMP-induced Rac1 activation and that depletion of STEF abolished dbcAMP-induced Rac1 activation and neurite extension. PKA was able to phosphorylate STEF at three residues (Thr-749, Ser-782, Ser-1562) in vitro, among which Thr-749 was critical for dbcAMP-induced Rac1 activation and neurite extension. Our finding agrees with a previous report that dbcAMP-induced neurite outgrowth in PC12D cells was independent of PI3-kinase (Jin *et al.*, [@B34]) and argues against the idea that PI3-kinase signaling generally controls axon morphogenesis through the regulation of the cytoskeleton by Rho GTPases (Cosker and Eickholt, [@B14]; von Philipsborn and Bastmeyer, [@B60]).

Experiments using PKA- or Epac-specific cAMP analogues have shown that cAMP-induced neurite outgrowth in PC12 cells is mediated by both PKA and Epac (Christensen *et al.*, [@B13]; Kiermayer *et al.*, [@B39]); we confirmed these results in PC12D cells (unpublished data). However, the roles played by each continue to be a matter for debate (Cai *et al.*, [@B9]; Bouchard *et al.*, [@B7]; Aglah *et al.*, [@B1]; Murray and Shewan, [@B48]). Interconnectivity between the PKA- and Epac-signaling pathways (Bos, [@B6]) adds more complexity to this issue. The reported mechanisms underlying the contribution of PKA to neurite outgrowth are Erk1/2 activation through the Ca^2+^-induced Rap1/B-Raf pathway (Vossler *et al.*, [@B61]; Zanassi *et al.*, [@B63]), cAMP response element-binding activation (Jessen *et al.*, [@B33]), and synapsin phosphorylation (Kao *et al.*, [@B35]). Considering the critical role of Rac1 in neurite outgrowth (Govek *et al.*, [@B23]; Hall and Lalli, [@B26]), the Rac1 activation by PKA-phosphorylated STEF shown in this study strongly suggests that the relative contributions of PKA and Epac in cAMP-induced neurite outgrowth must be reconsidered.

cAMP also plays a pivotal role in axon guidance in vitro (Piper *et al.*, [@B52]) and in vivo (Imai *et al.*, [@B31]). In vitro data are derived mainly from growth cone turning assays (Lohof *et al.*, [@B41]), which are based on the dichotomy between axon growth and guidance. A recent analysis of axon guidance in three-dimensional collagen gels (Mortimer *et al.*, [@B47]) has proposed, however, that growth-rate modulation, but not biased turning, dominates in shallow gradients, which might be similar to physiological situations. Thus the regulation of neurite outgrowth might be implicated in axonal chemotaxis under certain circumstances. Furthermore, the importance of Rac1 in axon guidance in the telencephalon has been demonstrated by studies using a conditional knockout of Rac1 (Chen *et al.*, [@B12]). Thus it is possible that Rac1 activation by PKA-phosphorylated STEF contributes to axon guidance using cAMP signals.

We suppose that localized PKA activation in the proximity of the plasma membrane of neurite tips leads to local Rac1 activation in the same neurite tips. Supplemental Figure 7, A and C, demonstrates that PKA and Rac1 were globally activated immediately after dbcAMP addition and subsequently inactivated throughout the cells at approximately 1.5--3 h (Supplemental Figure 8); thereafter the local activation appeared in parallel at neurite tips after 3--5 h. The local PKA activation near the plasma membrane of neurite tips is similar to the result in the recent report, in which membrane-associated PKA activity was highest at the leading edge in migrating CHO cells (Lim *et al.*, [@B40]). In addition, in fibroblasts undergoing chemotaxis, PKA activity was enriched in growing pseudopodia (Howe *et al.*, [@B30]). In both CHO cells and fibroblasts, polarized PKA activation was mediated by A kinase anchoring proteins (AKAPs). The connection between AKAPs and the cytoskeleton is thought to be important for cell migration (Diviani and Scott, [@B18]). In fact, many AKAPs, including AKAP-Lbc, ezrin, and WAVE-1, are linked to the actin cytoskeleton (Howe, [@B29]). Thus it is plausible that local PKA activity near the plasma membrane of dbcAMP-induced neurite tips reflects enrichment of PKA at the plasma membrane of neurite tips via particular AKAPs. Furthermore, the clear contrast between the immediate increase in PKA activity following dbcAMP addition (Supplemental Figure 2) and the gradual increase in STEF phosphorylation in dbcAMP-treated cells ([Figure 6D](#F6){ref-type="fig"}) suggests that an additional process, such as the interaction between PKA and AKAPs, is required for dbcAMP-induced STEF phosphorylation. The different kinetics between PKA activity and STEF phosphorylation could explain the slight difference of the time-course between PKA activity and Rac1 activity after dbcAMP addition (shown in Supplemental Figure 8).

Tiam1 and STEF, both of which are highly expressed in neuronal tissues (Habets *et al.*, [@B24]; Hoshino *et al.*, [@B28]), are reported to have highly overlapping functions. Tiam1 and STEF are required for neurite outgrowth in N1E-115 cells as well as hippocampal neurons (Matsuo *et al.*, [@B44]). The introduction of dominant-negative forms of Tiam1 and STEF into the developing cerebral cortex revealed their pivotal role in neuronal migration (Kawauchi *et al.*, [@B38]). In contrast, this study showed that depletion of STEF, but not Tiam1, potently inhibited dbcAMP-induced neurite outgrowth; as far as we know, this is the first report of a STEF-specific function. The in vivo role of STEF during neuronal development and regeneration depending on cAMP signals should be an important issue in future studies.

How does the phosphorylation of Thr-749 on STEF increase its GEF activity for Rac1? Similarly to Tiam1, N-terminal truncation of STEF enhances its GEF activity, suggesting that the N-terminal autoinhibitory effect has to be removed for STEF activation to occur (Matsuo *et al.*, [@B43]). Four possible mechanisms can be considered: 1) Thr-749 phosphorylation may induce a conformational change in STEF, leading to an increase in its GEF activity. In the case of Tiam1, phosphorylation by Ca^2+^/calmodulin-dependent kinase II is able to stimulate C1199-Tiam1-induced nucleotide exchange (Fleming *et al.*, [@B22]). 2) The binding of Par3 to the Tiam1-SIF-STEF homology (TSS) domain of STEF has been shown to activate STEF (Nishimura *et al.*, [@B51]). Thr-749 is located at the C terminus of the TSS domain. Thus Thr-749 phosphorylation may enhance the binding of Par3 to STEF, leading to an increase in its GEF activity. 3) PI3-kinase activity has been implicated in the control of Tiam1-driven activation of Rac1, probably through its effect on the membrane translocation of Tiam1 via the binding of PIP~3~ to the TSS domain, including the N-terminal pleckstrin homology domain (Mertens *et al.*, [@B46]). The TSS domain of STEF exhibits a twofold higher affinity for PIP~3~ than does the corresponding domain of Tiam1 (Terawaki *et al.*, [@B58]). Thus Thr-749 phosphorylation on STEF may enhance the binding of PIP~3~ to its TSS domain, leading to membrane translocation and activation. 4) Like Tiam1, the binding of Rap1 to the TSS domain of STEF has been reported to mediate STEF-Rac1 signaling (Zaldua *et al.*, [@B62]). Thus Thr-749 phosphorylation may enhance the binding of Rap1 to STEF, leading to an increase in its GEF activity. The latter two possibilities seem unlikely, because a PI3-kinase inhibitor did not inhibit dbcAMP-induced Rac1 activation (Supplemental Figure 1A) and because depletion of Epac did not show any significant effect on Rac1 activation following dbcAMP addition ([Figure 3B](#F3){ref-type="fig"}). Thus the former two possibilities will be subjects of future research. Because Thr-749 on STEF corresponds to Thr-679 on Tiam1, which is a potential PKA phosphorylation site, it would be interesting to investigate whether Tiam1 is similarly phosphorylated and activated by PKA.

Our goal is to elucidate the common requirements for neuritogenesis by comparing this study on cAMP signaling to our previous work on NGF signaling (Aoki *et al.*, [@B4], [@B5], [@B3]). NGF promoted the cycling of a positive feedback loop composed of PI3-kinase, Vav2/Vav3, Rac1/Cdc42, and actin cytoskeleton at neurite tips (Aoki *et al.*, [@B5]). We suppose that the coexistence of the SHIP2-mediated negative feedback on PIP~3~ (Aoki *et al.*, [@B3]) leads to the rapidly alternating outgrowth and retraction of NGF-induced neurite tips ([Figure 2](#F2){ref-type="fig"}). In contrast, dbcAMP-induced Rac1 activation and neurite outgrowth were independent of PI3-kinase and were affected by PKA-mediated phosphorylation of STEF. Also, the inhibitory effect of CdGAP and the CRIB domain of N-WASP on neurite outgrowth was significant but rather weak (Supplemental Figure 7); this shows a clear contrast with a drastic effect of Cdc42 inhibition on NGF-induced neuritogenesis (Aoki *et al.*, [@B4]). Furthermore, dbcAMP-induced neurites extended continuously. Despite the substantial differences in signaling mechanisms and the mode of morphological changes, the local activation of Rac1 and Cdc42 at neurite tips is similar between NGF- and dbcAMP-treated cells. Rac1 and Cdc42 play a critical role in neurite outgrowth (Govek *et al.*, [@B23]; Hall and Lalli, [@B26]). Thus we propose that local activation of both Rac1 and Cdc42 at neurite tips is necessary for neurite outgrowth, which is crucial for the wiring of the developing nervous system.

MATERIALS AND METHODS
=====================

FRET biosensors
---------------

The plasmids encoding the FRET biosensors, Raichu-Rac1/1011x, Raichu-Cdc42/1054x (Itoh *et al.*, [@B32]), and Pippi-PIP~3~ (Aoki *et al.*, [@B5]), have been described previously. pRaichu-Rac1/2246x was derived from pRaichu-Rac1/1011x and encodes a Rac1 biosensor with a broad dynamic range (N. Komatsu *et al.*, unpublished data). The plasmid encoding pmAKAR3 (Allen and Zhang, [@B2]) was provided by J. Zhang (Johns Hopkins University School of Medicine, Baltimore, MD).

Plasmid
-------

The RNA targeting constructs were generated using pSUPER.retro.puro vector (OligoEngine, Seattle, WA). The 19- or 21-nucleotide sequences used to target rat PKA catalytic subunit α (PRKACA), rat PKA catalytic subunit β (PRKACB), Tiam1, and STEF mRNAs were: 5′-GTGGTTTGCCACAACTGAC-3′, 5′-GGTTGAGGCTCCATTCATACC-3′, 5′-GTCGGAAATCAAGAAGCTG-3′, and 5′-GGAGCTGCCTTTCTCACTTTA-3′, respectively. The 19-nucleotide sequences used to target rat Vav2 and Vav3 mRNAs have been described previously (Aoki *et al.*, [@B5]). The full-length mouse STEF cDNA (Hoshino *et al.*, [@B28]) was point-mutated to resist short-hairpin RNA (shRNA)-mediated knockdown and was subcloned into the pCAGGS-3HA vector (Aoki *et al.*, [@B3]) to generate pCAGGS-3HA-resi-STEF. Point mutations in pcDNA3-ΔN STEF (Matsuo *et al.*, [@B43]) and pCAGGS-3HA-resi-STEF were generated using a QuickChange II site-directed mutagenesis kit (Invitrogen, Carlsbad, CA). The cDNA for PRKACB was subcloned into the pCAGGS-3HA vector.

Cells, reagents, and antibodies
-------------------------------

PC12D cells (a gift from M. Sano, Kyoto Prefectural University of Medicine, Kyoto, Japan), a subline of PC12 cells that extend neurites rapidly in response to dbcAMP (Katoh-Semba *et al*., [@B37]), were maintained in DMEM supplemented with 10% horse serum and 5% fetal bovine serum. The cells were plated on 35-mm glass-base dishes (Asahi Techno Glass, Tokyo, Japan) coated with polyethyleneimine (Sigma-Aldrich, St. Louis, MO). COS-7 and HeLa cells were maintained in DMEM containing 10% fetal bovine serum. dbcAMP and NGF were purchased from Calbiochem (La Jolla, CA). Puromycin and N^6^-benzoyladenosine-3′,5′-cyclical monophosphate (6-Bnz-cAMP) were obtained from Sigma-Aldrich. 8-para-chloro-phenyl-thio-2′-O-methyl-cAMP (007) was obtained from Tocris Cookson (Ballwin, MO). Anti-myc (9E10) monoclonal antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-(Ser/Thr) PKA substrate antibody was obtained from Cell Signaling Technology (Beverly, MA). Anti-HA monoclonal antibody was obtained from Roche Diagnostics (Indianapolis, IN).

RNA interference experiments
----------------------------

PC12D cells were transfected with the desired pSUPER constructs by using Lipofectamine 2000 (Invitrogen). After recovery, the cells were selected by a 2-d incubation with 2 μg/ml puromycin and then used for further analysis. For FRET imaging, the indicated pRaichu plasmids were transfected into the shRNA-expressing cells 1 d after transfection of the pSUPER constructs. After an additional 2-d incubation with puromycin, the cells were starved and used for imaging.

Time-lapse imaging
------------------

PC12D or COS-7 cells expressing FRET biosensors were starved for 2 h with phenol red-free DMEM/F-12 medium (Invitrogen) containing 0.1% bovine serum albumin and then treated with cAMP analogues. The medium was covered with mineral oil (Sigma-Aldrich) to preclude evaporation. Cells were imaged with an IX81 inverted microscope (Olympus, Tokyo, Japan) equipped with a Cool SNAP-HQ cooled charge-coupled device camera (Roper Scientific, Trenton, NJ), a laser-based auto-focusing system (IX2-ZDC; Olympus), and an automatically programmable XY stage (MD-XY30100T-Meta; SIGMA KOKI, Tokyo, Japan), which allowed us to obtain time-lapse images of several fields of view in a single experiment. The following filters used for the dual-emission imaging were obtained from Omega Optical (Brattleboro, VT): an XF1071 (440AF21) excitation filter; an XF2034 (455DRLP) dichroic mirror; and two emission filters (XF3075 \[480AF30\] for CFP and XF3079 \[535AF26\] for FRET). Cells were illuminated with a 75-W Xenon lamp through a 12% neutral density filter and viewed through a 60× oil immersion objective lens (PlanApo 60×/1.4, Olympus). The exposure times for 4 × 4 binning were 500 ms for CFP and FRET images and 100 ms for phase-contrast images. After background subtraction, FRET/CFP ratio images were created with MetaMorph software (Universal Imaging, West Chester, PA), and the images were used to represent FRET efficiency.

Neurite outgrowth assay
-----------------------

PC12D cells were transfected with the indicated pSUPER constructs and selected with 2 μg/ml puromycin for 2 d. Then neurite outgrowth was induced with 1 mM dbcAMP and allowed to proceed for 48 h in DMEM/F-12 medium containing 0.1% bovine serum albumin and 2 μg/ml puromycin. Quantification of neurite outgrowth was performed as described previously (Nakamura *et al.*, [@B49]).

In vitro kinase assay
---------------------

COS-7 cells were transfected with the indicated plasmids using 293fectin (Invitrogen). Two days after transfection, cells were harvested in ice-cold lysis buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1.5 mM MgCl~2~, 1% Nonidet P-40, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 2 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and 10 μg/ml aprotinin). The cleared lysates were incubated with 3 μg of anti-myc antibody or 1 μg of anti-HA antibody. After 1.5-h tumbling at 4°C, protein G-Sepharose (GE Healthcare, Little Chalfont, UK) was added, and incubation was continued for 1 h at 4°C. After washing three times with ice-cold lysis buffer, the beads were washed once with kinase buffer (50 mM HEPES, pH 7.5, 10 mM MgCl~2~, 1 mM EGTA, 1 mM dithiothreitol, 0.015% Tween 20), and suspended into 40 μl of kinase buffer. Then the immunoprecipitates were incubated with two units of PKA catalytic subunit (Sigma-Aldrich) and 740 kBq of \[γ-^32^P\]ATP (111 Tbq/mmol; PerkinElmer, Waltham, MA) for 10 min at 30°C. After washing three times with kinase buffer, the beads were boiled in sample buffer, and the bound proteins were resolved by SDS--PAGE and subjected to autoradiography.

Immunoprecipitation
-------------------

Cells were harvested in ice-cold lysis buffer. The cleared lysates were incubated with 1 μg of anti-HA antibody. After 30-min tumbling at 4°C, protein G-Sepharose was added and incubation was continued for 1 h at 4°C. The washed beads were boiled in sample buffer, and the bound proteins were analyzed by immunoblotting.
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:   8-para-chloro-phenyl-thio-2′-O-methyl-cAMP

6-Bnz-cAMP

:   N^6^-benzoyladenosine-3′,5′-cyclical monophosphate

AKAP

:   A kinase anchoring protein

CFP

dbcAMP

:   dibutyryl cAMP

Epac

:   exchange protein directly activated by cAMP

FRET

:   Förster resonance energy transfer

GEF

:   guanine nucleotide exchange factor

NGF

:   nerve growth factor

PACAP

:   pituitary adenylate cyclase-activating polypeptide

PI3-kinase

:   phosphatidylinositol 3-kinase

PIP~3~

:   phosphatidylinositol 3,4,5-triphosphate

PKA

:   protein kinase A

PRKACA

:   rat PKA catalytic subunit α

PRKACB

:   rat PKA catalytic subunit β

shRNA

:   short-hairpin RNA

STEF

:   Sif and Tiam1-like exchange factor

TSS

:   Tiam1-SIF-STEF homology
